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The L X-ray spectrum induced by electron impact upon a solid germanium target was measured with
DOL10.11535 oaeo00a00t high spectral resolution and analyzed using the POEMA fitting software. Characteristic transition
www.rsc.org/journalname energies, natural linewidths, and relative radiative transition probabilities were determined for the

main diagram lines. In addition, a comprehensive identification of satellite decays was achieved,
including features previously unreported; the corresponding energy shifts were found to agree with
literature values. New satellite structures in the L¢ and L1 regions were also observed, the large
linewidths found suggesting contributions from multiple unresolved transitions. The intensity-ratio
analysis reveals a significant role of multivacancy states, with the Lf; transition exhibiting an un-
usually high satellite-to-main ratio close to unity, evidenced by the careful spectral treatment carried
out. To accurately reproduce this region, we applied the absorbed Voigt profile previously developed
for L-emission spectra, which incorporates an energy-dependent absorption term to account for the
variation of the absorption coefficient across the neighbouring L3 edge. This approach successfully
reproduces the low-energy asymmetry of the LB, peak and its effect on the relative intensities of
the main and satellite components. The results obtained aim to complete the database available at
present for Ge L X-ray parameters, providing methodological advances applicable to the spectroscopic
study of other elements.

1 Introduction
In addition, several theoretical and experimental studies have

addressed the determination of transition rates and natural
linewidths. Scofield? carried out relativistic Hartree-Fock calcu-
lations, widely used as a theoretical reference due to their high
accuracy, whereas Perkins et al® provided theoretical values de-
rived from the Evaluated Atomic Data Library (EADL). Regarding

X-ray spectra generated by electron impact can be helpful in the
characterization of chemical elements. The analysis of these
spectra provides information about atomic parameters associ-
ated with characteristic lines, such as transition energies, natural
linewidths, and relative radiative transition probabilities (RTPs),

which are fundamental not only for the development of several
spectroscopic techniques, but also for validating theoretical mod-
els in atomic physics.

From a spectroscopic perspective, X-ray transitions offer valu-
able information about the internal electronic configuration of
atoms. Early studies, such as the work published by Beardenl,
provided a comprehensive compilation of characteristic energies
based on available experimental data. Subsequently, Cauchois
and Sénémaud? determined diagram and non-diagram transition
energies from Li to Am. More recently, Deslattes et al.® incorpo-
rated modern theoretical models and relativistic corrections for
the assessment of transition energies. All these works furnish the
basis to identify characteristic lines in X-ray spectral analyses.
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natural linewidths, Campbell and Papp compiled experimental
values from several decades of measurements, whereas Perkins et
al. also reported theoretical estimates for these parameters.

A typical X-ray spectrum presents not only the main diagram
lines but also satellite structures appearing in the vicinity of the
primary peaks. These satellites result from more complex atomic
interactions and provide information about electron correlation
effects, and excitation-relaxation dynamics. These features have
previously been observed under different excitation conditions,
including X-ray fluorescence”8, electron impact?, and ion beam
excitation with “Hel%. It is well established™¥ that the satellite
line energies are characteristic of the emitting atom and remain
largely independent of the excitation mechanism, while their rel-
ative intensities depend on the nature and energy of the incident
particle.

Some of the satellite structures can be attributed to radiative
transitions in atoms with more than one vacancy. For example,
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in the case of L X-ray emission, the presence of an additional 3d
vacancy alters the initial state of the transition, producing a slight
energy shift towards values higher than that of the corresponding
diagram line. These multiple-vacancy configurations may arise
through different physical processes. One possibility is direct
multiple ionization, whose probability decreases rapidly with the
number of electrons removed. However, for electron incidence,
Coster-Kronig (CK) transitions and shake (SH) effects are more
efficient mechanisms. In the case of CK transitions, the rearrange-
ment of a vacancy between sublevels in a particular atomic shell
is accompanied by the emission of an Auger electron from a more
external shell. For the shake effect instead, the sudden modifica-
tion of the atomic potential originated by an ionization causes the
ejection of an outer electron.

Since the occurrence of spectator holes at inner atomic levels
modifies the electron screening of the nuclear potential, distorting
the energy levels of the atom, the presence of many bound levels
in the atom favors the emission of satellite lines. In the interme-
diate atomic number region, germanium is a semiconductor with
a broad range of technological applications, which may be use-
ful to analyze the L-emission spectrum and study the excitation-
relaxation mechanisms mentioned above. This element has his-
torically played a central role in the fabrication of electronic de-
vices such as X-ray detectors, transistors and diodes’2. More
recently, its optical and electronic characteristics have been ex-
ploited in infrared sensors, optical fibers, and high-efficiency solar
cells, especially in space applications1214,

Several authors have studied the Ge-L X-ray emission spectrum
by different excitation sources, like electrons??> jons? X-ray
tube photons“718 and selective excitation by synchrotron radi-
ationlZ. Attention has been focused on the characterization of
diagram linewidths'1®17 and also on the mechanisms originating
satellite emissions219>H17 1n this work, the Ge L X-ray spectrum
induced by electrons is analyzed in detail. Characteristic energies,
relative radiative transition probabilities, and natural linewidths
for the diagram lines are obtained and compared with values re-
ported in the literature. In addition, satellite lines are identified
according to their energy shifts from the associated diagram lines,
enabling an interpretation of their origin. Relative intensities and
peak widths of these satellite structures are also evaluated.

2 Experimental

The measurements were performed using the experimental setup
described in€. The spectrum was acquired using an INCA Wave
700 wavelength-dispersive spectrometer (WDS), coupled to a
commercial Leo 1450VP scanning electron microscope. This sys-
tem operates under a Johansson type arrangement, which allows
to maintain a constant take-off angle at normal electron beam in-
cidencel?. A thallium acid phthalate (TAP) analyzer crystal with
an interplanar spacing 2d = 25.9A, was selected to cover all Ge-L
characteristic energies. During the experiment, the thermal con-
ditions in the laboratory were kept stable to minimize fluctuations
and ensure accurate energy calibration.

The analyzed sample consisted of a pure germanium standard
(purity > 99.9999%), which was polished and coated with a thin
carbon layer to prevent charge accumulation and thermal damage
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during data acquisition. The measurements were carried out us-
ing a 20 kV acceleration voltage and a take-off angle of 29°, with
an average beam current of 140.12nA, as measured by a Faraday
cup, and a total acquisition time of 104 minutes. To cover the rel-
evant Ge-L transitions, the photon energies were scanned in the
range comprised from 0.95 to 1.38 keV. Regarding the absolute
detection efficiency of the system, it was characterized in a pre-
vious work2?, which involves comparing spectra obtained using
both an energy-dispersive spectrometer and the WDS involved.
The efficiency curve used for the TAP crystal spans the energy
range from 0.521 to 1.675 keV, incorporating corrections for geo-
metrical factors, crystal reflectivity, and the proportional counter
quantum efficiency. The counting system consists of two comple-
mentary detectors operating in tandem: a P10 (90% Ar and 10%
CH,) flow proportional counter and a sealed xenon detector.

3 Spectral analysis

The analysis of the Ge L X-ray spectrum was performed over
the entire measured energy range using the software POEMA2L,
which has been designed to optimize atomic and experimental
parameters through an iterative fitting process. The procedure
consists of minimizing the y? function for the set of experimental
intensities /; constituting an N-channel spectrum, defined as

2% = 1l M (1)

N-P& T
where P is the number of refined parameters and I; is the
analytic function proposed to describe the i-th channel inten-
sity. This model includes characteristic lines, satellite structures,
bremsstrahlung radiation, and spurious peaks41"23, corrected by
the detection efficiency mentioned in the previous section. The
peak widths were described considering the natural contribution
associated to each transition and the instrumental broadening
given by a function of the photon energy, characterized by the
effective angular width of the detection system. An initial esti-
mate for the latter was used as a starting point, and during the
fitting process it was refined as a global parameter, along with the

natural widths of all the transitions involved.

To achieve an accurate spectral description, three types of ana-
lytical profiles were employed, selected according to the physical
characteristics of each transition. Standard Voigt profiles were
used to describe the main diagram lines, whereas Gaussian pro-
files were applied to the satellite lines. In these cases, absorption
was included as a uniform correction factor applied to the total
intensity of each peak. In the particular case of the Lf; line and
its associated satellites, an absorbed Voigt profile was applied, ob-
tained by convolving the Voigt function with an energy-dependent
absorption term,

Sq(E) = / Ly(E"YA(E"\G(E —E')dE', 2

where A(E’) varies sharply across the neighbouring L3 absorption
edge of the same element. This formulation accurately models the
asymmetric distortion observed in the LB region, where the at-
tenuation originates not from the emitting subshell (L) but from
a different one (L3).
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The software POEMA involves the mass attenuation coefficients
given by Heinrich?? for the estimation of the combined atomic
number and absorption corrections. These matrix effects are com-
puted on the basis of the ¢(pz) ionization distribution model de-
veloped by Packwood and Brown?? and improved by Riveros and
Castellano2®, whereas the characteristic fluorescence enhance-
ment is assessed according to the traditional Reed’s model2Z,

The inclusion of the absorbed Voigt profile follows the approach
previously applied to Fe and Ni L spectra, where the absorption
asymmetry originated in the same subshell?€, and here it is ex-
tended to a distinct case of cross-edge differential absorption.
This correction was essential to reproduce the asymmetric shape
of the Ge L, line and to obtain physically consistent satellite-to-
main intensity ratios.

The spectrometer calibration was carried out assuming a linear
relationship between wavelength and channel number, governed
by the gain and offset parameters. During the optimization pro-
cess, the latter was refined while keeping constant the character-
istic Loy » energy, taken from Bearden'!, as well as the gain value
reported by the acquisition system, which is based on the crystal
interplanar spacing.

As a starting point for the fitting process, the emission ener-
gies were taken from Bearden' for the main lines, and from Cau-
chois and Sénémaud? for the satellite lines. The initial values
for the natural linewidths were taken from Campbell and Papp©,
whereas the initial relative radiative transition probabilities were
assessed from the transition rates reported by Scofield%, normal-
ized with respect to the main lines.

The fitting procedure was initiated by considering only the dia-
gram lines. In a first stage, global scale factors, defined indepen-
dently for each emitting subshell (L, L,, and L3), were refined
together with the background parameter and the energy calibra-
tion offset. The analysis of the residuals obtained from this initial
fit revealed the need to include additional satellite contributions.
Satellite lines previously reported in the literature were incorpo-
rated first. In cases where no prior information was available, the
inspection of the residuals allowed for an initial estimation of the
energies and intensities of these structures.

The presence of at least one satellite peak was noticed for each
diagram line, except for the weak Lf; 4 transition. Each satellite
line was assigned to the nearest low-energy diagram transition,
using spectral proximity as the sole criterion. For the satellite
linewidths, the same initial value as that of the associated dia-
gram line was adopted. Once the satellite lines were included, the
relative radiative transition probabilities were refined, followed
by the simultaneous adjustment of the energies and linewidths of
all the transitions considered.

Throughout the minimization process, the quality of the fit was
systematically evaluated using the y2 value. In cases where the
optimization converged to a local minimum, the line energies
were manually displaced toward spectrally plausible positions
and temporarily fixed, allowing the refinement of linewidths and
relative transition probabilities to continue. After releasing all pa-
rameters again, a further decrease in y2 was achieved, leading to
solutions with an improved global agreement between the model
and the experimental data. Comparisons between solutions ob-
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tained from different sets of initial values confirmed that the y?2
criterion provides a robust tool to assess the quality of the fit and
to discriminate among different local minima.

The uncertainties associated with the refined parameters were
evaluated following the procedure described by Bonetto et al.’22,
This approach consists of propagating the statistics of the experi-
mental counts into the uncertainties of the refined parameters.

4 Results and discussion

Figure [1| shows the experimental Ge L X-ray spectrum along with
the fit obtained using the software POEMA. The resulting y? value
of 1.09 indicates an excellent agreement between the analytic
spectrum and the measured data, even in low-intensity regions.
The main L-group transitions, namely L¢, Ln, Lo, LB, and
LpBs 4, are clearly resolved. In addition, secondary features ap-
pear near the main peaks, particularly on the high-energy side of
Loy and LB;. These partially overlapped structures have been
identified as satellite transitions, as explained in the previous sec-
tion. The residuals, shown as a red line, remain consistently small
and free of systematic oscillations, supporting the reliability of the
fit. Insets provide enlarged views of the L¢, Ln, and Lf; 4 weak
transitions.

Figure [2| compares the Ge Lf; spectral region fitted with (a)
standard Voigt profiles and (b) the model including the energy-
dependent absorption correction. When identical atomic param-
eters are used for the characteristic line and its satellites, the ab-
sorbed Voigt profile provides a markedly better reproduction of
the experimental spectrum, particularly the asymmetry observed
on the low-energy side. This behaviour reflects the influence of
the neighbouring L3 absorption edge, which differentially atten-
uates the emission across the line profile. At energies well above
the edge, both models reproduce the spectrum with the same ac-
curacy, as expected. This effect constitutes a clear manifestation
of cross-edge differential absorption, in which the emission from
the L, subshell is modified by the neighbouring L3 edge of the
same element. If the differential absorption were neglected, a
satisfactory fit could only be achieved by artificially broadening
the main line, leading to a lower satellite-to-main intensity ratio.
Including this effect in the model therefore yields a more realistic
description of the experimental shape and ensures a consistent
determination of both the characteristic energies and the relative
line intensities.

4.1 Diagram lines

Table 1] displays the characteristic energies obtained in this work,
along with the reference values reported by Bearden'l, Cauchois
and Sénémaud?, and Deslattes et al.®. In the cases of the Lo »
and LB; 4 transitions, the experimental resolution did not allow
for a clear separation of the doublet components. Therefore, in
each case a single line representing both contributions was fitted.
For comparison with literature data, weighted averages of the cor-
responding characteristic energies were assessed according to the
emission rates reported by Scofield®. Since the calibration was
performed relying on the La; » energy reported by Bearden U the
uncertainties displayed in this table were assessed as the quadra-
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Fig. 1 Ge L X-ray spectrum. Experimental data are shown as dots, the model fit obtained using POEMA as a solid line, and the fitting residual as a
red line. Insets provide magnified views of the regions corresponding to the less intense transitions.

Table 1 Characteristic energies (in keV) obtained in this work along with
data previously published. The values in parentheses indicate estimated
uncertainties in the last digit

Transition This work Ref.X Ref.2 Ref. =

LsM; (0) 1.0360(1) 1.0362 1.0378 1.0373
Lo,M; (1) 1.0670(1) 1.0680 1.0680 1.0683
LMy (B1) 1.2183(1) 1.2185 1.2186 1.2189

LiMy3 (B34) 1.2899(2) 1.2913 1.2913 1.2903

Table 2 Relative radiative transition probabilities obtained in this work
along with data previously published. Numbers in parentheses indicate
the estimated uncertainties in the last digit

Transition This work  Ref. & Ref. 2

LsM; (0) 0.048(2) 0.0439 0.3128
L3Mys (a2)  0.95(2) 0.9519 0.6763
LM, (1) 0.028(2) 0.0403 0.3074
LoMy (B1) 0.97(12) 0.9557 0.6806

ture addition of the error estimated by the POEMA routine and
the probable error provided in the original workl. A good gen-
eral agreement is observed between the present results and the
other sources quoted. Particularly, the energy shifts from Bear-
den’s values are always below 1.5 €V, a discrepancy similar to
that observed among the other authors considered.

Relative radiative transition probabilities (RTPs) obtained in
this work, which include the integrated contribution of the corre-
sponding satellite components, are presented in Table |2| together
with theoretical data available in the literature. The comparison
exhibits a very good agreement with Scofield¥. In contrast, sig-
nificant discrepancies are observed with the values reported by
Perkins et al.”. It must be emphasized that all the data available
in the literature correspond to theoretical calculations, whereas
the present results are the first experimental RTP data reported
for the germanium L shell.

The optimization procedure carried out has also permitted to
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Table 3 Natural linewidths (in €V) obtained in this work along with data
previously published. Numbers in parentheses indicate the estimated
uncertainties in the last digit

Transition This work Ref.2 Ref.®
LsM; (0) 3.9(6) 4.97 2.96
L3M4 ((X]) 0.89 0.91
LMs (@) %@ 088 0.90
LM, (1) 4.6(1) 4.98 2.96
LMy (B1) 0.71(3) 0.89 0.91
LiM; (B3) 12.70 6.1

LiM3 (B4) 5@ 1943 61

determine the natural linewidths corresponding to the transitions
considered. Table [3| displays the values obtained in this work,
compared with two databases available in the literature®®, A
good overall agreement can be observed, although certain dis-
crepancies arise between the two databases considered. For the
L¢ and Ln transitions, the linewidths obtained here lie between
those reported by Perkins et al.® and by Campbell and Papp®.
In the case of the Lo doublet, the width obtained is signifi-
cantly greater than the individual values found in the literature
for the Loy and Loy transitions; nevertheless, it must be borne
in mind that the comparison between the width of two separate
lines and a doublet cannot be done straightforwardly. Particu-
larly, the present linewidth is similar to the 1.8 €V reported by
Leiro6L—obtained without removing the instrumental broaden-
ing. Instead, the natural linewidth of (0.86+ 0.06) €V obtained
by Guerra et al.” is closer to the other data shown in Table
For the LB, transition, the resulting linewidth was slightly lower
than the values reported by both Perkins et al. and Campbell and
Papp, which can be attributed to the treatment of the neighbour-
ing L3 absorption edge in the present model. Regarding the weak
LpBs 4 doublet, the obtained width is similar to the corresponding
to each individual component reported in Ref, and to the sum
of the two separate components reported by Ref.?; the present
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Fig. 2 Comparison between (a) the standard Voigt fit and (b) the model
including the cross-edge differential absorption for the Ge Lf; region.
The attenuation produced by the neighbouring L3 edge leads to an asym-
metric distortion of the low-energy side of the line, which is accurately
reproduced only when the energy-dependent absorption term is included
in the convolution.

result suggests that the latter alternative is more adequate, bear-
ing in mind the 8 €V energy difference between these two decays,
according to Bearden.

It is worth emphasizing that the natural widths determined are
significantly narrower than the peak widths involved. For exam-
ple, in the case of Lo » a natural linewidth of (1.90 £ 0.02) eV
was obtained from an experimental peak width of around 3.4
€V, which highlights the robustness of the optimization software
used.

4.2 Satellite Lines

Figure [3]shows the regions of the Ge X-ray spectrum where satel-
lite structures were identified: one corresponding to the Ln and
L/ transitions, and the other one encompassing the Lo » and Lj;
lines. Each plot exhibits the characteristic lines together with
their associated satellite structures and the spectral fit obtained
using the software POEMA. All experimental energy shifts for the
satellite lines determined in this work, along with the comparison
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Fig. 3 Ge-L X-ray spectrum in the regions: (a) L¢ and Ln; (b) Loy » and
LB1. The experimental data (dots), the fit obtained with POEMA (solid
line), the characteristic emissions (dashed lines), and the satellite bands
(dotted lines) are shown.

with values reported in the literature, are summarized in Table@
This table includes satellite lines documented here for the first
time as well as those previously reported, the latter exhibiting a
general agreement.

Different theoretical and experimental studies have attempted
to identify and analyze these satellite structures, often associat-
ing them with multiple ionization states. The mechanisms lead-
ing to the formation of multivacancy configurations (2p,3d) in-
clude multiple direct ionization, Coster-Kronig transitions, and
shake effects. In particular, the probability fj,, which describes
the L} — L, transition accompanied by the emission of an elec-
tron from an outer shell (such as 3d), is relatively high for Ge
(fi2 ~ 0.199 according to Campbell?®), implying this mechanism
bears a prominent role in the generation of these lines. Both Lo
and LB high energy satellite emissions were experimentally ob-
served by Deslattes™ and described with more detail by Leiro16,
who determined two a and one 3 satellites. For the case of La
satellites, Blokhin et al.?., relying on multiplet theory calculations,
determined the energies and relative intensities for transitions
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Table 4 Satellite lines observed and comparison of their energy shifts (AE in €V) with values reported in the

literature
Main line Satellite  Origin This work Ref.2 Ref102  Ref /10D Ref.” Ref.2
L3M; (£) v (3d)" 3.8(3) — — —
o (3d)! 3.4(1) 3.6 4.0 3.3 3.2 3.2
LsMys (a2) o (3d)' (40)! 6.9(5) 5.4 5.7 5.4 4.4 4.46
o (3d)? 8.1(3) 8.0 8.4 8.5 7.5 7.56
LM, (1) n’ (3d)" 5(1) — — —
B (3d)' 1.9(1) 2.6 4.0 2.5 2.1 2.28
LoMy (Br) Bl /B (3d)' (40)! 4.8(4) 3.8/5.2 5.7 3.5/5.6 3.8/5.1 3.60/5.29
BlY (3d)? 8.1(3) — 8.4 — — —

¢ HFS assessments.
b Experiments with “He ions.

originated from configurations with simultaneous vacancies in 2p
and 3d levels, predicting emissions with energy shifts close to
those observed in the present work. Independently, Burkhalter
et al.19 applied the Hartree-Fock-Slater approach to LM” config-
urations, where 7 is the number of vacancies in 3p or 3d levels,
and concluded that a single 3d vacancy produces a 4.0 eV shift,
whereas two 3d vacancies generate an 8.4 eV shift, both with re-
spect to La »; in addition, a 3d spectator hole has shown to be
more likely than a 3p additional vacancy. The present experi-
mental results allow to associate the Lo’ decay with a single 3d
spectator hole, and the La/” line to a double 3d secondary vacancy
event, according to the usual nomenclature; complementary, the
La” line can be attributed to a combined 3d-4¢ spectator hole
decay?. The energy shifts obtained are in good agreement with
data reported in the literature under different experimental con-
ditions, particularly for La’ and La”: LucassonZ and Cauchois
and Sénémaud? by X-ray fluorescence experiments; Blokhin et
al.?, under electron excitation; and Burkhalter et al. 1%, using *He
ions.

Three satellite lines were identified in the spectral region in-
volving the LB transition, and labeled as ], B{-B;" (unresolved
doublet), and BIY. According to Refs.?10, the first emission has
been associated with a (3d)! configuration; each of the B’ and B;”
transitions can be assigned to a combined 3d-4¢ scheme; whereas
the BIIV emission has been interpreted as the result of a transition
with two simultaneous 3d vacancies. Although the energy shifts
do not coincide with those observed for Le; , their physical ori-
gin is analogous, which leads to the same explanation based on a
(3d)" scheme. The B line exhibits an energy shift of 1.9 eV rela-
tive to LB, in agreement with the values reported by Lucasson
(2.1 éV), Blokhin? (2.6 eV), and Cauchois? (2.28 eV). The B’ and
Bi" lines, centered around an energy shift of 4.8 eV, could not be
resolved in the spectral fit due to their proximity. Nevertheless,
the energy of this doublet is compatible with the values reported
for these satellites by Blokhin? (3.8 €V and 5.2 V), Burkhalter et
al19 (3.5 6V and 5.6 V), LucassonZ (3.8 eV and 5.1 V) and Cau-
chois? (3.60 eV and 5.29 eV). These lines are also attributed to
(3d)! configurations, possibly involving different coupling states,
which would explain their close energies —only separated under
specially devoted instrumental conditions. Finally, the B! line,
with an energy shift of 8.1 eV relative to Lf;, has not been previ-
ously measured for Ge; this value is in very good agreement with
the HFS theoretical prediction provided by Burkhalter et al.1?,
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within a (3d)? approach.

The L¢ and Ln’ satellite lines have not been previously mea-
sured. It must be taken into account that each of these diagram
lines, along with the corresponding satellite, bear a rather low
contribution to the respective line group: below 5% in the case
of LZ (L3 group) and less than 3% for Ln (L, group). The origin
of these satellite emissions is attributed, by analogy with other
transitions of the same group, to configurations with a spectator
vacancy in the 3d shell. As mentioned above, such an additional
vacancy will modify the effective potential within the atom in the
intermediate state just before the decay, thereby shifting the en-
ergy of the emitted photon toward higher values in both transi-
tions, whose magnitudes should be very similar, differences being
associated to the orbitals involved and their coupling schemes.

Table 5 Widths and relative intensities of the satellite lines observed

Main line Satellite  Profile ~ Width (eV)  Rel. intensity (%)
L;M; () 4 G 12.0(5) 47(4)
o G 3.2(4) 13(2)
o G 5.8(8) 12(2)
LMas (@2) g G 15.1(4) 14(1)
Total - - 39(3)
LoM; (1) n’ G 10(2) 20(6)
[ \% 1.3(5) 48(16)
"y gl v 3(2) 29(17)
1 1
LMy (B gl % 5.7(6) 23(7)
Total - - 100(20)

Table [5| summarizes the widths and relative intensities deter-
mined for the Ge satellite lines observed. These relative intensi-
ties are given as ratios to the corresponding diagram line within
each transition group, corrected for differential absorption across
the L3 edge (when applicable) and for the detection efficiency. In
the La region, the satellite lines exhibit a rather homogeneous
intensity distribution: o’ with 13%, a” with 12% and «” with
14 %. Overall, the Lo satellite lines account for 39 % of the main
line intensity, a value very similar to that reported by Blokhin et
al.? using electron excitation, namely, 38 %, and quite different
from the 25% determined by Leiro"®,

The case of LB is particularly noteworthy: the associated satel-
lite lines reach an intensity comparable to that of the diagram
line. This value is considerably high for an L2M-type transition
and has not been reported in previous works under similar con-
ditions. This unusually large ratio reflects the influence of the
cross-edge differential absorption phenomenon, which is properly
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accounted for in the model described in In this situation, the
diagram Lf1 emission lies close to the L3 absorption threshold,
so that photons on the low-energy side of the line fall below the
edge and are transmitted with higher efficiency, whereas those
on the high-energy side experience an attenuation similar to that
of the satellite emissions’?8. This differential behaviour enhances
the relative intensity on the low-energy side, producing the ob-
served asymmetry of the peak profile. As a result, neglecting this
effect in the modelling would lead to an underestimation of the
satellite-to-main intensity ratio.

The ¢ and 1’ lines exhibit intensities as high as 47 % and 20 %,
respectively. The determined natural widths (12.0eV and 10¢€V,
respectively) are larger than the typical values for other L satel-
lites and also exceed those of their main lines (3.9 €V for L¢ and
4.6 eV for Ln). This suggests that these structures may represent
an average of multiple nearby transitions.

Conclusions

The detailed analysis of the Ge L X-ray spectrum, carried out
through a robust spectral processing method, has enabled the de-
termination of characteristic energies, natural widths, and rela-
tive radiative transition probabilities for the main diagram lines
and their associated satellite structures. The energies obtained
show a good overall agreement with widely used reference data,
with uncertainties below 0.2 eV for most diagram lines, validat-
ing the calibration procedure and the model used for the spec-
tral description. Regarding the RTPs obtained, it is worth noting
that they are in good agreement with Dirac-Hartree-Fock emis-
sion rates provided by Scofield, whilst they strongly disagree with
EADL database.

A comprehensive identification of satellite lines was achieved
for the La; » and LB; transitions, including the first experimen-
tal characterization of the Ge B}V line. Their energy shifts are in
close agreement with the experimental and theoretical data avail-
able in the literature, supporting their classification within a (3d)"
configuration scheme.

Encouraged by the consistency achieved by the satellite emis-
sions associated with the main diagram transitions, the study of
additional satellite features in the L¢ and Ln regions, not pre-
viously reported for Ge, was faced. These structures exhibit
large natural widths, suggesting the contribution of multiple un-
resolved transitions.

The remarkably high L, satellite-to-main intensity ratio ob-
tained here appears to be reasonable, as it arises from the care-
ful treatment of the cross-edge differential absorption within the
peak profile when the emission energy crosses the neighbouring
L3 absorption edge. This effect modifies the internal distribution
of intensity across the line, producing the observed low-energy
asymmetry and influencing the apparent contribution of satellite
structures. By accurately accounting for this phenomenon, the
present work provides insight into how self-absorption processes
shape L-emission spectra and improves the physical interpretation
of the observed features.

Together with the comprehensive determination of diagram
and satellite parameters, the present results expand the available
Ge L X-ray database and provide consistent experimental param-

This journal is © The Royal Society of Chemistry [year]

eters that clarify the origin of several satellite features. Work is
being done in order to thoroughly understand all the relaxation
mechanisms involved in the occurrence of satellite emissions.
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